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Inkjet printing technology has the potential to drastically reduce the process time 
and cost by generating the patterns without physical masks and conventional vacuum 
processes. In addition, the inkjet printing process can be applied to flexible and large area 
substrates. Among the printable semiconductors, single walled carbon nanotubes 
(SWCNTs) have been attracting increasing attention for their high carrier mobility and 
potential application in transparent, flexible, high- current and high frequency electronics.  
The effects of fluoropolymer capping onto SWCNT devices are investigated. 
Remarkable improvements in key device characteristics of SWCNT field-effect 
transistors (FETs) are achieved by coating of the active semiconductor with a 
fluoropolymer layer such as poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)). 
These favorable changes in device characteristics also enhance circuit performance. The 
origins of these improvements are the dipolar nature of the fluoropolymer and the 
mechanism is confirm by exposing SWCNT FETs to a number of vapor phase polar 
molecules which produce similar effects on the FET characteristics as the application of 
P(VDF-TrFE). 
 vii 
High-performance inkjet printed single walled carbon nanotube (SWCNT) field 
effect transistors (FETs) with channel lengths of 150-250 nm are demonstrated. 
Optimized electrode geometry has been developed to confine the inkjet droplet to the 
active channel area. This minimizes waste of material outside of the channel while 
enabling short channel length devices that exhibit high effective carrier mobilities and 
transconductances. This novel fabrication approach is compatible with roll-to-roll 
processing and enables the formation of high-performance short channel device arrays 
based on inkjet printing with at least a 50-fold reduction in consumption of 
semiconducting SWCNT ink compared to other solution processing methods.  
In these short channel SWCNT FETs, the influences of nanotube bending and 
gate insulator-semiconductor interface modification on the characteristics of inkjet 
printed short channel length SWCNT are investigated. Employing recessed source and 
drain (S/D) electrodes to minimize the mechanical distortion of CNTs, high performance 
short channel ambipolar transistors based on inkjet printed SWCNTs are demonstrated. 
Mechanical distortion of the nanotubes due to bending near source and drain contacts 
when they are not recessed is found to suppress electron transport and transform the 
ambipolar transistors into p-type devices. Inclusion of interfacial polymer layers such as 
P(VDF-TrFE) between the SWCNTs and Al2O3 top dielectric also results in p-type 
doping and reductions in electron transport transforming amibipolar transistors into p-
type devices. 
 viii 
Table of Contents 
List of Tables ...........................................................................................................x 
List of Figures ........................................................................................................ xi 
Chapter 1.  Introduction .........................................................................................1 
1.1.   Printing Technologies .........................................................................2 
1.1.1.  Contact printing technologies ...................................................2 
1.1.2.  Inkjet printing technologies ......................................................4 
1.2.   Inkjet Printing of Single-Walled Carbon Nanotubes ..........................9 
1.2.1.  Single-walled carbon nanotubes ...............................................9 
1.2.2.  Carbon nanotube ink for inkjet printing..................................10 
1.3.   Organization of Dissertation .............................................................13 
Chapter 2.  Fluoropolymer Coating on Inkjet Printed Carbon Nanotube Transistors
.......................................................................................................................15 
2.1.    Introduction .....................................................................................15 
2.2.    Experimental ...................................................................................17 
2.2.1.  Transistor device fabrication ...................................................17 
2.2.2.  Fluoropolymer capping on SWCNT FETs .............................18 
2.3.    Results and discussion ....................................................................19 
2.3.1.  Device characteristics .............................................................19 
2.3.2.  Gate bias stability ....................................................................21 
2.3.3.  Origin of improvements in fluoropolymer capping ................23 
2.3.4.  Circuit characteristics with fluoropolymer capping ................26 
2.4. Conclusion .............................................................................................28 
Chapter 3.  Inkjet Printed Short Channel Carbon Nanotube Field Effect Transistors
.......................................................................................................................29 
3.1.   Introduction .......................................................................................29 
3.2.    Experimental ...................................................................................31 
3.2.1.  Bottom-gate/top-contact structure ..........................................31 
3.2.2.  Top-gate/bottom-contact structure ..........................................37 
 ix 
3.2.3.  Electron beam lithography ......................................................39 
3.3.    Results and discussion ....................................................................40 
3.3.1.  Material consumption of solution processing methods. .........40 
3.3.2.  Bottom-gate/top-contact structure ..........................................41 
3.3.3.  Top-gate/bottom-contact structure ..........................................43 
3.4.    Conclusion ......................................................................................47 
Chapter 4. Short Channel Ambipolar Transistors with Inkjet Printed Semiconducting 
Carbon Nanotubes .........................................................................................49 
4.1.    Introduction .....................................................................................49 
4.2.    Experimental ...................................................................................51 
4.2.1.  Device fabrication ...................................................................51 
4.2.2.  Electrical characterization of devices .....................................52 
4.3.    Results and discussion ....................................................................52 
4.3.1.  Conventional short channel SWCNT FETs ............................52 
4.3.2.  Short channel SWCNT FETs with recessed S/D electrodes ...55 
4.3.3.  Electrical characteristics of short channel ambipolar SWCNT 
FETs ............................................................................................56 
4.3.4.  Gate insulator interface modification by fluoropolymer ........59 
4.4    Conclusion .......................................................................................61 
Chapter 5. Conclusion ............................................................................................62 
Appendix ................................................................................................................64 
References ..............................................................................................................66 
Vita .......................................................................................................................73 
 
 
  
 x 
List of Tables 
Table 3.1:  Required volume of solution and estimated weight of SWCNTs for 
common solution-processing methods. .............................................40 
Table 3.2:  Comparison on the performance of inkjet / aeosol-jet printed SWCNT 
FETs ..................................................................................................48 
  
 xi 
 
List of Figures 
Figure 1.1:  Schematic illustrations of contact printing of nanowire-based integrated 
devices. (a) Dry-transfer printing. (b) Microcontact printing. (c) Direct 
contact printing. (d) Direct transfer printing. Reproduced from Ref. 28 
with permission from The Royal Society of Chemistry. ....................3 
Figure 1.2:  Schematic of a continuous inkjet (CIJ) printer. ..................................4 
Figure 1.3:  Schematics of drop-on-demand mode inkjet printing (a) piezoelectric 
inkjet printing and (b) thermal inkjet printing. ...................................6 
Figure 1.4:  The schematic of a piezoelectric nozzle chamber showing the 
waveforms and their corresponding PZT deflection. ..........................8 
Figure 1.5:  Single-walled carbon nanotube (SWCNT) (a) Illustration of SWCNT 
and (b) Electron microscopy of SWCNTs. (b): Reprinted by permission 
from Macmillan Publishers Ltd.: Nature (Ref. 37), copyright (1993)10 
Figure 1.6:  Photograph and illustration of SWCNTs after separation in various color 
bands. Reprinted with permission from (M. S. Arnold, S. I. Stupp, and 
M. C. Hersam, "Enrichment of Single-Walled Carbon Nanotubes by 
Diameter in Density Gradients," Nano Letters, vol. 5, pp. 713-718, 
2005). Copyright (2005) American Chemical Society .....................11 
Figure 2.1: Schematic cross-section of inkjet printed SWCNT FETs with bottom-
gate/bottom-contact structure. ...........................................................17 
Figure 2.2:  Schematic illustration of fluoropolymer (P(VDF-TrFE)) capping 
process...............................................................................................18 
 xii 
Figure 2.3:  Electrical characteristics of SWCNT FETs with spin coated P(VDF-
TrFE) on top of the active semiconductor layer. (a) and (b) are ID-VGS 
curves of SWCNT FETs before and after P(VDF-TrFE) spin-coating, 
respectively (Insets show the device structures). (c) On/Off current ratio 
before and after P(VDF-TrFE) spin-coating. (d) Effect of spin-coated 
P(VDF-TrFE) on threshold voltage (Vth) distributions of SWCNT FETs. 
The box chart indicates the average of Vth (solid square), minimum and 
maximum values (cross), and the range from 25% to 75% (box). ...19 
Figure 2.4:  Electrical characteristics of SWCNT FETs with inkjet printed P(VDF-
TrFE) on top of the semiconductor layer. (a) and (b) are double swept 
ID-VGS curves of SWCNT FETs before and after P(VDF-TrFE) inkjet 
printing, respectively. (c) On/Off current ratio before and after P(VDF-
TrFE) inkjet printing. (d) Effect of inkjet printed P(VDF-TrFE) on the 
hysteresis of SWCNT FETs. The box chart indicates the average of Vth 
(solid square), minimum and maximum values (cross), and the range 
from 25% to 75% (box). ...................................................................20 
Figure 2.5:  Transfer characteristics during the gate bias stress on SWCNT FETs 
with and without inkjet printed P(VDF-TrFE) cap layer. (a) and (b) are 
positive gate bias stress on SWCNT FETs with and without inkjet 
printed P(VDF-TrFE) cap layer, respectively. (c) and (d) are negative 
gate bias stress on SWCNT FETs with and without P(VDF-TrFE), 
respectively. ......................................................................................21 
 xiii 
Figure 2.6:  The passivation benefits of inkjet printed P(VDF-TrFE) on gate bias 
stress stability. Threshold voltage shift (∆ Vth) with stress time under (a) 
positive gate bias stress (PGBS) and (b) negative gate bias stress 
(NGBS). The magnitude of the gate bias was fixed at ± 5V (1.85 
MV/cm), and VDS was fixed at -1 V. ................................................22 
Figure 2.7:  Experimental set-up for vapor exposure test of SWCNT FETs. ......24 
Figure 2.8:  Vapor phase organic solvent exposure test on a SWCNT FET. Transfer 
characteristics were measured prior to, during, and after the vapor flow 
on the SWCNT FET; (a) acetone, (b) ethanol and (c) hexane. (d) On-
state current (solid symbols) and off-state current (open symbols) 
extracted from transfer curves were compared. ................................25 
Figure 2.9:  Transfer characteristics of the SWCNT FETs with various annealing 
temperatures of P(VDF-TrFE). (a) double-swept transfer curves starting 
from VGS=4V showing the gate hysteresis. (b) single-swept transfer 
curves starting from VGS=4V. ...........................................................26 
Figure 2.10: (a) Circuit diagram of a five-stage ring oscillator. (b) The output signal 
of a five-stage ring oscillator based on SWCNTs and ZTO 
complementary circuit with spin coated PVDF. ...............................27 
Figure 3.1:  Device configurations for short channel SWCNT FETs. (a) Bottom-
gate/top-contact. (b) Top-gate/bottom-contact .................................30 
 xiv 
Figure 3.2:  Schematic illustrations and images showing the process flow for inkjet 
printed SWCNT FET with bottom-gate/top-contact device structure. (a) 
Single drop inkjet printing of the SWCNT ink onto ZrO2 dielectric. 
(Inset) Optical image of the inkjet printed droplet (10 pL). (b) SEM 
image to confirm the exact location of printed SWCNTs. (c) Electron 
beam lithography process to pattern S/D electrodes onto printed 
SWCNTs. (inset) SEM image showing the completed device (red 
square). ..............................................................................................32 
Figure 3.3:  Optical images of 10 pL inkjet printed droplets of SWCNT ink (a) on 
UV O3 treated substrate at 21
o
C printing plate temperature, (b) on 
untreated substrate at 21
o
C printing plate temperature, (c) on UV O3 
treated substrate at 60
o
C printing plate temperature, (d) on untreated 
substrate at 60
o
C printing plate temperature. ....................................33 
Figure 3.4:  Scanning electron microscope (SEM) images of 10 pL inkjet printed 
droplets of SWCNT ink (0.1 mg mL
-1
) (a) on UV O3 treated substrate at 
21
o
C printing plate temperature, (b) on untreated substrate at 21
o
C 
printing plate temperature, (c) on UV O3 treated substrate at 60
o
C 
printing plate temperature, (d) on untreated substrate at 60
o
C printing 
plate temperature. Areas of SWCNTs are outlined with red lines. ...34 
Figure 3.5:  Surface energy analysis of ZrO2 substrates. (a) Contact angle 
measurement of various ZrO2 substrates using deionized water and 
ethylene glycol. (b) Calculated surface energy based on contact angle 
measurements. ...................................................................................36 
 xv 
Figure 3.6:  A schematic illustration of the process flow for inkjet printed a SWCNT 
FET with top-gate/bottom-contact device structure. (a) Electron beam 
lithography (EBL) is used to pattern S/D electrodes on the Al2O3 
substrate. (b) Single drop (10 pL) inkjet printing of SWCNTs on the 
prepatterned S/D area. (c) Deposition of top dielectric, 30 nm thick 
Al2O3, by ALD and top gate electrode patterned by EBL. (d) Wet 
etching process with hydrofluoric acid to form via holes for probe 
contact pads. ......................................................................................37 
Figure 3.7:  Electrical characteristics of inkjet printed SWCNT FETs with bottom-
gate/top-contact device structure (Lch = 250 nm). (a) Measured Id-Vg 
transfer characteristics of UV O3 treated (red squares) and untreated 
(black squares) SWCNT FETs. (b) Measured Id-Vd output characteristics 
of UV O3 treated SWCNT FETs. ......................................................41 
Figure 3.8:  SEM images showing the difference in concentration of SWCNTs 
according to UV O3 treatment: (a) with UV O3 treatment, (b) without 
UV O3 treatment. ..............................................................................42 
Figure 3.9:  SEM image of the bottom-gate/top-contact device. Approximately 30 
individual SWCNTs connect the S/D electrodes (Lch = 250 nm)......43 
 xvi 
Figure 3.10: (a) Optical image of the inkjet printed droplets demonstrating droplet 
confinement by the prepatterned rectangular metal line structure. The 
diameter of the droplet without confinement on Al2O3 is 160 µm (red 
square), and is larger than the confinement area of 60 µm × 60 µm (red 
arrow). (b) Scanning electron microscope (SEM) image of an inkjet 
printed droplet confined within the rectangular area within which the 
S/D electrodes were prepatterned. (c) SEM image of SWCNTs 
extending between S/D electrodes. (d) Optical image of inkjet printed 
SWCNT FETs with top-gate/bottom-contact device structure. ........43 
Figure 3.11: Electrical characteristics of inkjet printed SWCNT FETs with top-
gate/bottom-contact device structure. (a) Measured Id-Vg transfer 
characteristics (blue lines) and normalized transconductance gm (red 
squares) for a 190 nm device. (b) Measured Id-Vd output characteristics 
of a 190 nm device. (c) Measured Id-Vg transfer characteristics (blue 
squares) and diameter-normalized current (red line) of a 150 nm device.
...........................................................................................................46 
Figure 4.1:  (a) Schematic illustration of the process flow for inkjet printed SWCNT 
FETs with top-gate/bottom-contact device structure. (b) Measured ID-
VGS transfer characteristics of 190 nm channel length device showing the 
difference between bottom-gate operation (black squares) and top-gate 
operation (red circles). (c) Measured ID-VDS output characteristics of the 
190 nm channel length device. The red circle indicates weak ambipolar 
characteristics. (d) SEM image showing the bending of CNTs due to 
surface relief of the S/D contacts. (inset) Schematic illustration of the 
top-gate/bottom-contact device structure with raised S/D electrodes.53 
 xvii 
Figure 4.2:  (a) A schematic illustration of a completed device of top-gate/bottom-
contact structure with typical raised S/D electrodes. AFM image and 
step profile of stacked S/D electrodes. (b) A schematic illustration of a 
completed device of top-gate/bottom-contact structure with flattened 
S/D electrodes. AFM image and step profile of flattened S/D electrodes.
...........................................................................................................55 
Figure 4.3:  Electrical characteristics of top-gate/bottom-contact device with 
flattened S/D electrodes. (a) ID-VG transfer characteristics of device with 
channel length 200nm showing balanced ambipolar characteristic with 
10 SWCNTs (blue hexagons are transconductance per SWCNT). (b) ID-
VD output characteristics of device with channel length of 200nm. .57 
Figure 4.4:  (a) Comparison of ID-VG transfer characteristics between measurments 
in air and vacuum (1×10
-3
 Torr) for a top-gate/bottom contact device 
with recessed S/D electrodes. (b) Shelf life of a top-gate/bottom contact 
device with recessed S/D electrodes stored in air. ............................58 
Figure 4.5:  (a) Electrical characteristics of a top-gate/bottom contact device with 
flattened S/D electrodes and inkjet printed P(VDF-TrFE) (Lch = 200 
nm). (b) Statistical data of the p-branch and n-branch on-current levels 
for various device structures (10 devices for each structure). ..........60 
 
  
 1 
Chapter 1.  Introduction 
Recently, diverse research on solution based processes has attracted tremendous 
interest in the electronics field as a complement to conventional fabrication technologies. 
Solution based processes are cost effective: reducing material usage and eliminating 
expensive vacuum deposition steps, and also applicable to novel printing processes such 
as roll-to-roll printing or inkjet printing. There has been a great deal of research on 
developing thin-film transistors (TFTs) suitable for printed electronics. Impressive 
improvements in the performance characteristics of semiconducting polymer [1, 2], 
organic semiconductor [3-5], semiconducting single walled carbon nanotube (SWCNT) 
[6-10], and amorphous metal oxide semiconductor [11-13] based transistors and in 
implementing circuits based on them have been made [14-17].   
SWCNT field effect transistors (FETs) have been extensively investigated for use 
in nanoelectronic devices because of their high carrier mobility and potential applications 
in transparent and flexible electronics [18-20]. Recent advances in the availability of 
SWCNT source material with > 98% semiconducting nanotubes [21-23] and in printing 
such nanotubes to realize high-performance FETs make them very promising candidates 
for printed electronics. In addition, SWCNT networks exhibit excellent mechanical 
flexibility owing to their inherently small diameters [24]. These outstanding electrical and 
mechanical properties of SWCNTs may offer solutions for realization of high 
performance and highly bendable FETs in the emerging flexible electronics field.  
The purpose of this dissertation is to investigate inkjet printed SWCNTs, one of 
the most attractive printable semiconducting materials, and improve the characteristics of 
inkjet printed SWCNT FETs which have conventional micron-scale channel lengths. In 
addition, scaling down of inkjet printed SWCNT FETs is also investigated. 
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1.1.   PRINTING TECHNOLOGIES 
Printing technologies have been industrialized and have served an essential part of 
publishing and transaction printing for a century. In recent years, printing techniques 
have been utilized to directly deposit electronic materials on a substrate in order to build 
electronic devices such as passive resistors, capacitors, inductors, and active transistors 
[25, 26]. Conventional fabrication processes used extensively in electronic devices 
consist of a series of thin film deposition steps using vacuum processing, along with a 
series of lithography processes that include photoresist deposition, exposure, 
development, etching and photoresist stripping in order to define the thin film into a 
desired pattern. This subtractive patterning method wastes the etched materials as well as 
several layers of costly masks, increasing the total processing cost and time. On the other 
hand, printing processes such as contact printing and inkjet printing additively deposit 
materials into a predesigned pattern. The advantage of combining thin film deposition 
and patterning into a single step eliminates the major cost points encountered in 
conventional vacuum and lithographic processing [15, 26, 27]. 
 
1.1.1.  Contact printing technologies 
Conventional printing consists of offset, flexography, gravure and screen printing 
technologies, in which the image/pattern is transferred to substrates from prefabricated 
plates, cylinders or screens. High throughput products such as newspapers, books, and 
magazines are made using conventional printing methods. Printed electronics may begin 
to exploit high-throughput roll-to-roll processing similar to that of the publishing 
industry. Roll-printing processes have been demonstrated to print circuits as fast as five 
 3 
meters per minute, a speed quite capable of competing with parallel vacuum deposition 
processes [25]. Roll-to-roll printing can be applied to flexible substrates such as plastic or 
paper for realizing flexible electronics. Figure 1.1 shows some examples of contact 
printing which have been utilized in the microelectronics field [28]. 
 
 
 
Figure 1.1:  Schematic illustrations of contact printing of nanowire-based integrated 
devices. (a) Dry-transfer printing. (b) Microcontact printing. (c) Direct 
contact printing. (d) Direct transfer printing. Reproduced from Ref. 28 with 
permission from The Royal Society of Chemistry. 
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1.1.2.  Inkjet printing technologies 
Inkjet printing technology can be described as a technique in which an extremely 
repeatable formation of small fluid droplets is directed to a specific location with high 
accuracy. Inkjet printing technology can be divided into two categories: continuous mode 
and drop-on-demand (DoD) mode. In the continuous mode, ink is continuously jetted and 
the charged ink droplets are guided by deflection plates onto the substrate [29]. Figure 1.2 
shows the continuous type inkjet printing system. 
 
 
Figure 1.2:  Schematic of a continuous inkjet (CIJ) printer. 
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DoD inkjet mode uses computer-aided design image file and provides high speed 
and scalability, allowing the use of multiple nozzles operated in high-frequency. DoD 
inkjet processes can be classified according to the way that the individual drop is 
generated: piezoelectric or thermal inkjet printing. In DoD mode, a small transducer is 
used to displace ink by creating a pressure wave which travels to an orifice or nozzle and 
ejects a droplet. In piezoelectric inkjet printers the pressure is generated by piezoelectric 
actuators, while in thermal inkjet printers a heating element evaporates a small amount of 
solvent resulting in vapor generation and volume expansion, hence displacement and 
ejection of the ink [30-32]. Figure 1.3 describes the generic working mechanism for 
piezoelectric (a) and thermal (b) printing heads [32].  
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Figure 1.3:  Schematics of drop-on-demand mode inkjet printing (a) piezoelectric inkjet 
printing and (b) thermal inkjet printing. 
Due to the low cost of thermal-bubble jet nozzle, majority of the consumer inkjet 
printers available today utilize thermal-bubble technology. However, piezoelectric inkjet 
is more preferable for the microelectronic field, because thermal-bubble jet has several 
disadvantages. The nozzles typically suffer from a short lifetime due to residue build-up 
on the heating element. Moreover, special ink is required to resist rapid thermal change. 
For these reasons, thermal-bubble jets may not suitable for printing electronic devices, as 
the inks used are not compatible with the sudden heat change, e.g. metal nanoparticles 
can be sintered due to the heat, resulting in deposition of metal layers on the heating 
elements.  
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The jetting in the piezoelectric nozzle is controlled by a waveform applied to the 
piezoelectric plate. For the Dimatix system (FUJIFILM Dimatix, Inc.), a widely used 
material inkjet printer for printed electronics research, the ink reservoir is fabricated 
using silicon MEMS processes to create an internal chamber and a membrane designed to 
be deflected by a piezoelectric material, Lead Zirconate Ttitanate (PZT). As illustrated in 
Figure 1.4, droplet formation is driven by a waveform that can be divided into four 
segments. The amplitude and the slew rate of the waveform determine the amount and 
the rate of the PZT deflection respectively [33]. In the first phase, voltage is decreased to 
retract the PZT to draw fluid into the pumping chamber, followed by a settling time. This 
section creates two in phase acoustic waves that propagate from both ends of the chamber 
through the inlet and travel in opposite directions. Phase two of the waveform is the drop 
ejection phase. When voltage is increased, PZT expands precisely resulting in 
compressing the chamber and generating pressure to eject a drop [34, 35]. Higher droplet 
energy can be also achieved by using a steeper slope or higher voltage in phase two, 
resulting in a faster PZT deflection. At phase three, the PZT retracts slightly from phase 
two to break the droplet from the chamber. The intermediate voltage in phase three also 
provides a damping effect to prevent air from being sucked back into the chamber. 
Finally, the voltage returns back to the standby state in phase four filling the small 
amount of ink into the chamber.  
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Figure 1.4:  The schematic of a piezoelectric nozzle chamber showing the waveforms 
and their corresponding PZT deflection.  
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1.2.   INKJET PRINTING OF SINGLE-WALLED CARBON NANOTUBES 
As discussed earlier, inkjet printing technology has been attracting extensive 
interest due to its additive and contact-less processing. In addition, the flexibility of 
pattern adjustment and elimination of a physical mask have significantly reduced the 
research time and cost required from idea to proof-of-concept demonstration. Therefore, 
there has been increasing research studying passive and active printed devices using 
inkjet exclusively [4, 26, 36]. In this dissertation, piezoelectric type DoD inkjet printing 
technique has been studied and employed to deposit semiconducting single-walled carbon 
nanotubes (SWCNTs) forming active layer. 
 
1.2.1.  Single-walled carbon nanotubes  
In 1993, a Japanese research group led by Professor Sumio Iijima reported their 
discovery and proof of a new kind of nanostructured materials: single-walled carbon 
nanotubes (SWCNTs) [37]. As shown in Figure 1.5, an SWCNT can be represented a 
long and thin cylinder (with a diameter typically about 1 nm) of carbon atoms each sitting 
on one of the six corners of a honeycomb hexagon connected by the strong chemical 
bonds through the so-called sp
2
 hybridization. SWCNT can also be thought of as a ribbon 
of graphene rolled into a seamless, one-atom thick cylinder. Such a unique quasi one-
dimensional structure produces a range of intriguing properties. In particular, SWCNTs 
are mechanically strong, flexible, and can be either electrically conductive or 
semiconducting [38]. 
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Figure 1.5:  Single-walled carbon nanotube (SWCNT) (a) Illustration of SWCNT and 
(b) Electron microscopy of SWCNTs. (b): Reprinted by permission from 
Macmillan Publishers Ltd.: Nature (Ref. 37), copyright (1993) 
 
1.2.2.  Carbon nanotube ink for inkjet printing 
In 2005, research group led by Dr. Mark C. Hersam achieved the bulk enrichment 
and separation of DNA-wrapped SWCNTs by nanotube diameter using density-gradient 
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ultracentrifugation (DGU) [39], which has been commonly used to separate and isolate 
biological macromolecules. As shown in Figure 1.6, the enrichment of semiconducting 
SWCNTs by diameter was achieved using density gradients in aqueous solutions of 
iodixanol, and isolated SWCNTs separated into colored band in the density gradient 
during centrifugation. 
 
 
 
Figure 1.6:  Photograph and illustration of SWCNTs after separation in various color 
bands. Reprinted with permission from (M. S. Arnold, S. I. Stupp, and M. C. 
Hersam, "Enrichment of Single-Walled Carbon Nanotubes by Diameter in 
Density Gradients," Nano Letters, vol. 5, pp. 713-718, 2005). Copyright 
(2005) American Chemical Society  
This technique was expanded into sorting of SWCNTs by band gap and electronic 
type using structure-discriminating surfactants [21]. A chirality-based sorting methods 
also developed based on this DGU technique [22].  
SWCNTs used in this dissertation were highly sorted semiconducting SWCNTs 
(>98%) using DGU and provided by Dr. Hersam’s groupt at Northwestern University. 
These sorted semiconducting SWCNTs should be dispersed uniformly in the solvent to 
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achieve printable solution. SWCNTs can be dispersed in aqueous solutions and organic 
solvents. There are several advanced skills in the literatures for preparation of SWCNT 
solutions or suspensions especially in the aqueous solvents. However, in order to achieve 
optimal performance of the printer and produce reliable printed patterns, the inks should 
possess proper fluidic characteristics, including viscosity and surface tension [33, 40].  
The quality of printable water-based SWCNT solution (ink) plays a key role in 
fabricating high-performance TFTs. In order to evaluate the inks, Jianwen Zao, et al. [41] 
synthesized SWCNTs and made functionalized SWCNT inks. Various inks were first 
printed on SiO2/Si substrates with pre-patterned gold electrodes by inkjet printing and the 
electrical properties of the printed TFTs were then measured.  
According to their report, surfactant concentration is critical because the 
hydrophobic surface of the nanotubes needs to be changed to hydrophilic by attaching 
polar chemical groups that interact and form hydrogen bonds with water molecules. 
Moreover, the performance of the printing and the electrical property of the printed 
devices are strongly influenced by the concentration of PVP in the inks. There should be 
sufficient PVP in the inks since PVP is an excellent additive for the SWCNT ink. Since 
PVP can increase the ink viscosity and debundle SWCNTs, it stabilizes the inks for a 
long time, and improve the printed device patterns. On the other hand, there should not be 
too much PVP in the inks since the ink with excessive PVP may be too viscosity and 
cannot drip out of the nozzles. In addition, PVP itself is insulating and too much PVP can 
severely degrade the conductance of the printed SWCNT TFTs.  
This project was also started with aqueous SWCNT solutions. However, water 
based SWCNT ink caused severe clogging issues in our inkjet printing system, thus the 
solvent system for our SWCNT ink was changed to the organic solvent, 1-cyclohexyl-2-
pyrrolidone (CHP), which has the highest dispersibility among the organic solvents [42]. 
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Even though organic solvent system requires higher baking temperature than that of 
conventional aqueous solution, the printability and dispersibility of SWCNTs in CHP is 
superior to the SWCNT aqueous solution. In this dissertation, all the experiments of 
inkjet printed SWCNT FETs were performed using CHP based organic solvent 
system[43-45]. 
 
1.3.   ORGANIZATION OF DISSERTATION 
The purpose of this dissertation is to describe the development of high 
performance thin film transistors (TFTs) based on inkjet printed semiconducting single-
walled carbon nanotubes (SWCNTs). The dimension of investigate devices is started 
from conventional micron-scale channel length and scaled down to 150 nm, in which the 
several individual SWCNTs span the entire source/drain (S/D) gap minimizing intertube 
junction of SWCNTs. In order to solve the mechanical distortion of SWCNTs in the short 
channel device, recessed S/D electrodes designs are employed and investigated. 
Development of new device structure, device fabrication, novel material and device 
characterizations are discussed. 
This dissertation is divided into five chapters. Chapter 2 describes a development 
of surface treatment for inkjet printing of SWCNTs, and discusses fabrication process 
and characteristics of micron-scale SWCNT devices. It is shown that the use of coating of 
fluoropolymer results in substantial improvements in the characteristics of inkjet printed 
SWCNT FET devices and circuits.  
Chapter 3 describes a method of inkjet printing submicron-scale SWCNT field 
effect transistors (FETs) with channel lengths of 150-200 nm. Novel electrode design for 
inkjet printing implies minimal consumption of SWCNT ink, thus realizing one of the 
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primary benefits of additive manufacturing. Two representative device structures for 
short channel SWCNT FETs are compared. 
Chapter 4 illustrates short channel ambipolar FETs with inkjet printed 
semiconducting SWCNTs. The influence of nanotube bending and gate insulator-
semiconductor interface on the characteristics of inkjet printed short channel SWCNT 
FETs is described. Balanced ambipolar transport characteristics of SWCNT devices are 
demonstrated and the effect of fluoropolymer interfacial layer is discussed. 
Finally, Chapter 5 summarizes the conclusions drawn from this study and presents 
recommendations for future work. 
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Chapter 2.  Fluoropolymer Coating on Inkjet Printed Carbon 
Nanotube Transistors* 
 
2.1.    INTRODUCTION 
SWCNT FETs are intrinsically ambipolar [46-48]; however, trapping of electrons 
often results in the observation of only p-channel FET behavior when exposed to air [47, 
49]. The threshold voltage of our printed SWCNT p-channel FETs is typically negative 
and the off-current value is high [27].  This prevents the FETs from turning off 
completely at VGS = 0V, which complicates the design of enhancement mode circuits 
based on SWCNTs, resulting in high power dissipation and reduced noise margins and 
stability [50]. This has hitherto been one of the primary drawbacks of SWCNT FETs, 
thus limiting their implementation in printed electronics circuit and systems applications.  
Therefore, it is highly desirable to be able to reduce the magnitude of the threshold 
voltage, reduce the off-current, and decrease the device-to-device variations in threshold 
voltage, hysteresis, and related device metrics.  
In this chapter, we report on a general method to achieve these objectives and 
demonstrate results with discrete devices and complementary ring oscillator circuits.  
We also report on the effects of exposing SWCNT FETs to vapors with different polarity 
(as characterized by the dipole moments) on SWCNT FET performance characteristics 
and find convincing evidence that polar species in contact with the SWCNTs can reduce 
the apparent background impurity concentration and device threshold voltage.  We use 
                                                 
* This chapter is based on Reference 43: Jang, S.; Kim, B.; Geier, M. L.; Prabhumirashi, P. L.; Hersam, 
M. C.; Dodabalapur, A. Fluoropolymer Coating for Improved Carbon Nanotube Transistor Device and 
Circuit Performance. Appl. Phys. Lett., 2014, 105, 122107. S.J. and A.D. designed the experiments. S.J. 
carried out fabrication and characterization of devices. B.K. helped with circuit experiment. P.L.P., M.L.G., 
and M.C.H. provided semiconducting SWCNTs. 
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these results to propose a model that describes the effects of fluoropolymer capping on 
SWCNT FET characteristics. Our research has been influenced by recent results from our 
group on the impact of fluoropolymer capping layers on the transport characteristics of 
monolayer graphene FETs [51]. Here, we report improvements in the transport 
characteristics and threshold voltage distribution in SWCNT FETs through the use of 
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)) capping layers.  
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2.2.    EXPERIMENTAL 
2.2.1.  Transistor device fabrication    
 The schematic cross-section of a SWCNT FET fabricated by inkjet printing is 
illustrated in the inset in Figure 2.1. Heavily doped Si substrates were used as a global 
gate in the bottom gated, bottom-contact device configuration. A high-κ dielectric, ZrO2, 
was deposited from solution by a sol-gel route. Source and drain (S/D) electrodes 
consisting of a Ti/Au (3 nm/35 nm) double layer were deposited by thermal evaporation 
followed by the lift-off process. After the deposition of S/D electrodes, the dielectric 
surface was treated by UV light in air for 10 minutes to modify its surface characteristics 
so as to achieve a spatially uniform network of CNTs upon inkjet printing.  Highly 
enriched semiconducting SWCNTs (>98% purity, achieved by density gradient 
ultracentrifugation [21, 22] dispersed in 1-cyclohexyl-2-pyrrolidone (CHP) were inkjet 
printed on to the UV O3 treated ZrO2 substrate to form the channel layer.    
 
 
 Figure 2.1: Schematic cross-section of inkjet printed SWCNT FETs with bottom-
gate/bottom-contact structure. 
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2.2.2.  Fluoropolymer capping on SWCNT FETs    
 After measuring the initial electrical characteristics of the inkjet printed SWCNT 
FETs, P(VDF-TrFE) films were deposited from diethyl carbonate solution by spin-
coating or inkjet printing as illustrated in Figure 2.2. P(VDF-TrFE) copolymer powder 
with 30% molar ratio of TrFE (Solvay Inc.) was dissolved in diethyl carbonate. Two 
different solutions, having P(VDF-TrFE) concentrations of 2.5 and 0.5 weight to volume 
percent (% w/v) were prepared for spin-coating and inkjet printing, respectively. P(VDF-
TrFE) films were annealed at 140°C for 3 minutes in air on a hot plate.    
 
 
Figure 2.2:  Schematic illustration of fluoropolymer (P(VDF-TrFE)) capping process. 
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2.3.    RESULTS AND DISCUSSION 
2.3.1.  Device characteristics 
The device characteristics before and after P(VDF-TrFE) spin-coating are 
compared in Figure 2.3. The use of the P(VDF-TrFE) cap layer enables significant 
reduction in the variability of key device metrics such as on-off current ratio and 
threshold voltage, as demonstrated in Figure 2.3 (c) and (d), respectively.  
 
 
Figure 2.3:  Electrical characteristics of SWCNT FETs with spin coated P(VDF-TrFE) 
on top of the active semiconductor layer. (a) and (b) are ID-VGS curves of 
SWCNT FETs before and after P(VDF-TrFE) spin-coating, respectively 
(Insets show the device structures). (c) On/Off current ratio before and after 
P(VDF-TrFE) spin-coating. (d) Effect of spin-coated P(VDF-TrFE) on 
threshold voltage (Vth) distributions of SWCNT FETs. The box chart 
indicates the average of Vth (solid square), minimum and maximum values 
(cross), and the range from 25% to 75% (box). 
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The spin-coated P(VDF-TrFE) films on SWCNT FETs not only reduce the 
threshold voltage by 10%, but also improve the threshold voltage variation by 45%. In 
addition, the on-off current ratio is enhanced along with a reduction in the off-current.  
These favorable changes are seen only after the annealing step, indicating that the 
annealing step is a critical processing step.  
Similar improvements are also seen when the P(VDF-TrFE) capping layer is 
inkjet printed, as shown in Figure 2.4.   
 
 
Figure 2.4:  Electrical characteristics of SWCNT FETs with inkjet printed P(VDF-TrFE) 
on top of the semiconductor layer. (a) and (b) are double swept ID-VGS 
curves of SWCNT FETs before and after P(VDF-TrFE) inkjet printing, 
respectively. (c) On/Off current ratio before and after P(VDF-TrFE) inkjet 
printing. (d) Effect of inkjet printed P(VDF-TrFE) on the hysteresis of 
SWCNT FETs. The box chart indicates the average of Vth (solid square), 
minimum and maximum values (cross), and the range from 25% to 75% 
(box). 
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The reduction in variability of device characteristics and in the degree of 
hysteresis is even more pronounced in this case. Figure 2.4 (a) and (b) illustrate the 
changes in the transfer characteristics of the SWCNT FETs after P(VDF-TrFE) inkjet 
printing and annealing. The off-current is decreased and the threshold voltage variation is 
reduced without on-current degradation, similar to the effects produced by spin-coated 
P(VDF-TrFE). As shown in Figure 2.4 (d), hysteresis is reduced by 78% in the SWCNT 
FETs with an inkjet printed P(VDF-TrFE) capping layer 
2.3.2.  Gate bias stability  
 
Figure 2.5:  Transfer characteristics during the gate bias stress on SWCNT FETs with 
and without inkjet printed P(VDF-TrFE) cap layer. (a) and (b) are positive 
gate bias stress on SWCNT FETs with and without inkjet printed P(VDF-
TrFE) cap layer, respectively. (c) and (d) are negative gate bias stress on 
SWCNT FETs with and without P(VDF-TrFE), respectively. 
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The passivation benefit of inkjet printed P(VDF-TrFE) capping layer is also 
studied in terms of gate bias stability of SWCNT FETs.  
 
Figure 2.6:  The passivation benefits of inkjet printed P(VDF-TrFE) on gate bias stress 
stability. Threshold voltage shift (∆ Vth) with stress time under (a) positive 
gate bias stress (PGBS) and (b) negative gate bias stress (NGBS). The 
magnitude of the gate bias was fixed at ± 5V (1.85 MV/cm), and VDS was 
fixed at -1 V. 
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The shifts in threshold voltage (∆ Vth) under positive and negative gate bias are 
also substantially reduced, by 47% and 60%, respectively. These results are illustrated in 
Figure 2.5 and Figure 2.6. Hydrophobic surface characteristics of P(VDF-TrFE) can 
effectively prevent device from absorbing water / oxygen molecules in the air, resulting 
in the improvement on device stability as well as hysteresis.  
 
2.3.3.  Origin of improvements in fluoropolymer capping 
We have also performed a series of experiments aimed at understanding the 
mechanisms underlying the observed improvements. Our initial hypothesis was that the 
polar nature of the fluoropolymer was responsible for the improvements discussed above. 
The dipolar nature of the fluoropolymer neutralizes charged impurities and defects, 
thereby resulting in a reduction in off-current and hysteresis. The annealing step provides 
sufficient energy for the polymer molecules to adopt energetically favorable orientations 
with respect to the SWCNTs that result in the observed modifications to device 
properties. 
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Figure 2.7:  Experimental set-up for vapor exposure test of SWCNT FETs.   
 
To test this hypothesis, we evaluated the device characteristics of the SWCNT 
FETs when exposed to various molecules with different dipole moments. These 
molecules were delivered as saturated vapors in nitrogen by means of a peristaltic pump 
as illustrated in Figure 2.7. The off-current is reduced dramatically (by up to a factor of 
20) upon delivery of the most polar molecules (acetone and ethanol) while it remained 
unchanged for delivery of a non-polar molecule such as hexane. When the device is in the 
off-state, these dipolar molecules will partially neutralize charged dopants. The 
experimental data, shown in Figure 2.8, is consistent with this picture.  
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Figure 2.8:  Vapor phase organic solvent exposure test on a SWCNT FET. Transfer 
characteristics were measured prior to, during, and after the vapor flow on 
the SWCNT FET; (a) acetone, (b) ethanol and (c) hexane. (d) On-state 
current (solid symbols) and off-state current (open symbols) extracted from 
transfer curves were compared. 
The decrease in off-state current is proportional to the dipole moment of these 
molecules. Dipole moments (in units of Debye) of acetone, ethanol and hexane are 2.88, 
1.69 and ≈0, respectively [52, 53]. Since these small molecules can reorient themselves 
when the electric field direction is switched, we would expect the hysteresis window to 
increase with the delivery of polar molecules in agreement with our experimental 
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observations as shown in Figure 2.9. In the case of annealed P(VDF-TrFE) capping 
layers, the molecular orientation of the P(VDF-TrFE) is unaltered since it is a capping 
layer and the electric fields across it are small. We hypothesize that the molecules adopt 
an orientation that partially neutralize charged impurities.  
 
 
Figure 2.9:  Transfer characteristics of the SWCNT FETs with various annealing 
temperatures of P(VDF-TrFE). (a) double-swept transfer curves starting 
from VGS=4V showing the gate hysteresis. (b) single-swept transfer curves 
starting from VGS=4V. 
2.3.4.  Circuit characteristics with fluoropolymer capping 
A reduction in device-to device variability, the magnitude of hysteresis, bias 
stress effects and off-current level that accompanies the use of fluoropolymer capping 
layers should provide beneficial effects on circuit performance. Circuits require the 
operation of many transistors in unison and all the above changes will benefit the yield 
(percentage of circuits that operate properly) and the operating characteristics. 5-stage 
ring oscillators (ROSC) based on inkjet printed CNTs and amorphous zinc tin oxide 
(ZTO) complementary circuits were fabricated and characterized to investigate the effect 
of P(VDF-TrFE) top coating on circuit performance. Detailed information of the inkjet 
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printed ROSC was described in our previous work [54]. As shown in Figure 2.10, ring 
oscillators with a small oscillation amplitude before fluoropolymer deposition show a 
significant increase (from 0.31 V to 1.11 V on average) in oscillation amplitude. The 
oscillation frequency also increases by 42%, from 42 kHz to 60 kHz, due to 
improvements in the on and off state characteristics of the SWCNT FETs.  
 
 
Figure 2.10: (a) Circuit diagram of a five-stage ring oscillator. (b) The output signal of a 
five-stage ring oscillator based on SWCNTs and ZTO complementary 
circuit with spin coated PVDF. 
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2.4. CONCLUSION 
In conclusion, we have shown that the use of coatings of the fluoropolymer 
containing copolymer P(VDF-TrFE) results in substantial improvements in the 
characteristics of SWCNT FET devices and circuits comprised of these devices. At the 
device level, there is a significant decrease in the following: (a) Off-current magnitude; 
(b) Degree of hysteresis; (c) Variation in threshold voltage; and (d) Bias stress 
degradation. We attribute this to the effects of oriented polar C-F bonds in the P(VDF-
TrFE) which partially neutralize charges impurities and defects in the semiconductor and 
the semiconductor-gate insulator interface. Experiments investigating the effects of polar 
vapors on device characteristics support this model. At the circuit level, the improved 
uniformity in device characteristics plus the effects listed above, result in improved 
performance of 5-stage complementary ring oscillator circuits. The oscillation frequency 
and amplitude of complementary ring oscillators with SWCNT components increased by 
42% and 250%, respectively. The use of such capping layers will be greatly beneficial to 
the adoption of SWCNT based circuits for a variety of applications. 
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Chapter 3.  Inkjet Printed Short Channel Carbon Nanotube Field 
Effect Transistors* 
 
3.1.   INTRODUCTION 
The field of printed electronics has advanced greatly over the past decade. The 
charge carrier mobilities achievable with printable semiconducting materials are now on 
the order of 10 cm
2
/V-s and circuit operating frequencies in the MHz range have been 
reported
 
[54]. Some applications in printed electronics require higher speed operation, 
thus necessitating new approaches that enable short channel transistors based on printed 
semiconductors. Additionally, current solution processing methods (e.g. spin-coating and 
solution casting) consume large quantities of high-value semiconductor materials and/or 
are not compatible with roll-to-roll processing (e.g., dielectrophoresis). In our work, the 
SWCNT materials utilization is about two orders of magnitude more efficient.  
Some example applications in printed electronics that require high-speed 
performance include rectifiers, frequency dividers in radio-frequency tags (which operate 
at GHz frequencies), and local high frequency oscillators. In principle, such components 
can be efficiently realized through inkjet printing of semiconducting SWCNT active 
layers with short channel lengths where individual nanotubes span the channel.  In this 
Letter, we report a technique that achieves this goal while consuming picogram quantities 
of SWCNTs by fabricating short channel FETs based on inkjet printed SWCNTs. In 
contrast with previous reports of SWCNT FETs with small channel lengths [7, 9, 19, 55], 
                                                 
* This chapter is based on Reference 44: Jang, S.; Kim, B.; Geier, M. L.; Hersam, M. C.; Dodabalapur, A. 
Short Channel Field-Effect-Transistors with Inkjet-Printed Semiconducting Carbon Nanotubes. Small, 
2015, 11, 5505-5509. S.J. and A.D. designed the experiments. S.J. carried out fabrication and 
characterization of devices. B.K. helped with ink preparation. M.L.G. and M.C.H. provided 
semiconducting SWCNTs. 
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our approach is the first short channel investigation utilizing roll-to-roll compatible inkjet 
printing of the SWCNT active material. 
In this chapter, the active semiconductor channel consists of several randomly 
oriented inkjet printed semiconducting SWCNTs extending between source and drain 
(S/D) electrodes without forming a network of SWCNTs. This geometry is in contrast to 
previously reported inkjet printed SWCNT FETs with larger channel lengths in which the 
channel consists of a random network of interconnected SWCNTs [24, 27, 43, 56]. These 
devices are the shortest channel length SWCNT FETs reported in which the active 
material is deposited by inkjet printing. We construct SWCNT FETs employing two 
different device structures to compare the fabrication process and device characteristics 
of top-gate/bottom-contact and bottom-gate/top-contact devices as shown in Figure 3.1. 
In these structures, electron beam lithography (EBL) has been used to define the source-
drain gap; however, similar source/drain spacing can be realized by high throughput 
processes such as nanoimprint lithography [57, 58].  We also develop a strategy for 
droplet confinement to achieve exceptionally low levels of SWCNT ink consumption 
during the single-pass inkjet printing of the SWCNT FETs. 
 
 
 
Figure 3.1:  Device configurations for short channel SWCNT FETs. (a) Bottom-
gate/top-contact. (b) Top-gate/bottom-contact 
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3.2.    EXPERIMENTAL 
3.2.1.  Bottom-gate/top-contact structure 
In order to fabricate the top contact devices by inkjet printing, SWCNT ink is 
printed on to a dielectric layer first and the exact locations of printed SWCNTs are 
confirmed using scanning electron microscopy to form S/D electrodes on the nanotubes. 
Figure 3.2 illustrates the schematic process flow for the fabrication of an inkjet printed 
SWCNT FET with bottom-gate/top-contact device structure. Heavily doped Si substrates 
were used as a global gate in the bottom-gate/top-contact device configuration. The gate 
dielectric consists of a double layer of high-κ ZrO2 dielectric deposited from solution by a 
sol-gel route. The thickness and relative dielectric constant of the ZrO2 were 90 nm and 
18.2, respectively. The dielectric surface was then treated by UV O3 in air for 10 minutes 
to modify its surface characteristics to achieve a spatially uniform distribution and 
modest concentration of SWCNTs after inkjet printing. In particular, a 10 pL drop of 
SWCNT ink (0.1 mg mL
-1
, >98% purity semiconducting and achieved by density 
gradient ultracentrifugation) is printed onto the ZrO2 substrate to form the channel layer. 
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Figure 3.2:  Schematic illustrations and images showing the process flow for inkjet 
printed SWCNT FET with bottom-gate/top-contact device structure. (a) 
Single drop inkjet printing of the SWCNT ink onto ZrO2 dielectric. (Inset) 
Optical image of the inkjet printed droplet (10 pL). (b) SEM image to 
confirm the exact location of printed SWCNTs. (c) Electron beam 
lithography process to pattern S/D electrodes onto printed SWCNTs. (inset) 
SEM image showing the completed device (red square). 
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While the concentration of SWCNTs in the channel is readily controlled by the 
size of the rectangular perimeter in the top-gate/bottom-contact structure, surface 
treatment of the substrate and printing conditions are especially critical in the bottom-
gate/top-contact structure. The size of the semiconducting film formed by inkjet printed 
single droplet can be effectively controlled by UV O3 surface treatment and the 
temperature of the printing plate as shown in Figure 3.3 and Figure 3.4. 
 
 
 
Figure 3.3:  Optical images of 10 pL inkjet printed droplets of SWCNT ink (a) on UV 
O3 treated substrate at 21
o
C printing plate temperature, (b) on untreated 
substrate at 21
o
C printing plate temperature, (c) on UV O3 treated substrate 
at 60
o
C printing plate temperature, (d) on untreated substrate at 60
o
C 
printing plate temperature. 
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Figure 3.4:  Scanning electron microscope (SEM) images of 10 pL inkjet printed 
droplets of SWCNT ink (0.1 mg mL
-1
) (a) on UV O3 treated substrate at 
21
o
C printing plate temperature, (b) on untreated substrate at 21
o
C printing 
plate temperature, (c) on UV O3 treated substrate at 60
o
C printing plate 
temperature, (d) on untreated substrate at 60
o
C printing plate temperature. 
Areas of SWCNTs are outlined with red lines. 
Surface energy modification by the UV O3 treatment was investigated by contact 
angle measurements. Using a contact angle goniometer (model FTA 200, First Ten 
Angstrom Inc.), contact angles of different liquids on untreated, UV O3 treated, oxygen 
plasma treated ZrO2 surfaces were measured (Figure 3.5(a)). To calculate the surface 
energy of each ZrO2 surface, contact angles of two different liquids, deionized water and 
ethylene glycol, were measured. Surface energies of untreated, UV O3 treated and oxygen 
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plasma treated ZrO2 surfaces were calculated to be 48.3 mJ m
-2
, 53.0 mJ m
-2
 and 75.9 mJ 
m-2, respectively. The surface energy values are calculated from contact angle analysis 
using two liquids method based on the Young’s equation and Fowke’s theory[59, 60] as 
following equation (eq. 3.1):  
 
                                                   (eq. 3.1) 
 
As shown in Figure 3.5 (b), UV O3 treatment might be the most effective method 
to increase the surface energy of the ZrO2 substrate.  
This increase in surface energy contributes to the control of the droplet size on the 
ZrO2 surface and enhances droplet pinning resulting in uniform distribution of SWCNTs 
in the dried droplet. The printing substrate is heated up to 60 °C to achieve an optimal 
final concentration of dried SWCNTs.   
 
 PSPLdSdL   2)cos1(1
 36 
 
Figure 3.5:  Surface energy analysis of ZrO2 substrates. (a) Contact angle measurement 
of various ZrO2 substrates using deionized water and ethylene glycol. (b) 
Calculated surface energy based on contact angle measurements. 
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After deposition of SWCNTs, scanning electron microscopy was performed to 
confirm the exact location as shown in Figure 3.2 (b). Based on the spatial location of 
SWCNTs extracted from the scanning electron microscope images, source and drain 
(S/D) contacts consisting of Ti/Pd (10 nm/50 nm) was patterned by EBL and lift-off 
(Figure 3.2 (c)). 
 
3.2.2.  Top-gate/bottom-contact structure 
 
 
 
Figure 3.6:  A schematic illustration of the process flow for inkjet printed a SWCNT 
FET with top-gate/bottom-contact device structure. (a) Electron beam 
lithography (EBL) is used to pattern S/D electrodes on the Al2O3 substrate. 
(b) Single drop (10 pL) inkjet printing of SWCNTs on the prepatterned S/D 
area. (c) Deposition of top dielectric, 30 nm thick Al2O3, by ALD and top 
gate electrode patterned by EBL. (d) Wet etching process with hydrofluoric 
acid to form via holes for probe contact pads. 
 
 38 
A schematic process flow to fabricate inkjet printed SWCNT FETs with a top-
gate/bottom-contact configuration is illustrated in Figure 3.6. Heavily doped Si substrates 
covered by 30 nm thick Al2O3, deposited by atomic layer deposition (ALD), were used as 
the substrate in the top-gate/bottom-contact configuration. S/D electrodes consisting of 
Ti/Pd (3 nm/15 nm) were patterned by EBL and lift-off on the Al2O3 substrate prior to 
inkjet printing of the SWCNTs. As shown in Figure 3.6 (a), a rectangular shaped metal 
line feature (60 μm × 60 μm) was patterned along with S/D electrodes in the same 
lithography step. The purpose of this additional structure is to confine the inkjet printed 
droplet to the S/D area.  After the deposition of S/D electrodes, the substrate was UV O3 
treated to modify the surface energy of the Al2O3. Highly enriched semiconducting 
SWCNTs (>98% purity, achieved by density gradient ultracentrifugation [21, 22]) 
dispersed in 1-cyclohexyl-2-pyrrolidone (CHP) were inkjet printed onto the prepatterned 
S/D area using a FUJIFILM Dimatix Material Printer (DMP-2831) in air. As illustrated in 
Figure 3.6 (b), one 10 pL drop of SWCNT ink (0.05 mg mL
-1
) is printed to form the 
channel layer. The top dielectric, Al2O3, was deposited on the inkjet printed SWCNTs by 
ALD(Savannah
TM
, Cambridge Nano Tech Inc.) using trimethylaluminum (TMA) as a 
precursor. ALD was performed at a temperature of 200 °C with pulse of H2O for 15 ms 
and TMA for 25ms. The thickness and relative dielectric constant of the Al2O3 were 30 
nm and 7.8, respectively. The top gate electrode, a bilayer of Ti/Au (5 nm/35 nm), was 
patterned by EBL and lift-off followed by a wet etching step with hydrofluoric acid to 
form via holes for probe contact pads as shown in Figure 3.6 (c) and (d).  
 
 
 39 
3.2.3.  Electron beam lithography 
Global alignment marks for electron-beam lithography consisting of a Cr/Pt (5 
nm/35 nm) double layer were patterned by conventional photolithography and lift-off 
process. Source and Drain (S/D) regions with a channel length of 150-250 nm were 
patterned into poly(methyl methacrylate) (950PMMA A6, Microchem Crop.)  using 
electron beam lithography (EBL, Raith Nanofabrication). Electron-beam evaporation was 
then used to sequentially deposit titanium and palladium, followed by lift-off in acetone 
at 60 °C.  
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3.3.    RESULTS AND DISCUSSION 
3.3.1.  Material consumption of solution processing methods. 
 Comparison of SWCNT material consumption for common solution-processing 
methods is shown in Table 3.1. In order to fabricate a single device on a 8 mm × 8mm 
substrate, 10 pL of solution containing 0.5 pg of SWCNTs is required for inkjet printing 
in this work, while spin-coating and solution casting consume 6 μL of solution containing 
0.3 μg of SWCNTs and 10 μL of solution containing 0.5 μg of SWCNT, respectively. To 
further facilitate this comparison, the material consumption normalized by area for inkjet 
printing, spin-coating and solution casting are approximately 0.14 ng mm
-2
, 4.69 ng mm
-2
 
and 7.81 ng mm
-2
, respectively. Therefore, inkjet printing shows a ~2 orders of 
magnitude improvement in material utilization. 
 
Table 3.1:  Required volume of solution and estimated weight of SWCNTs for common 
solution-processing methods.  
Methods 
Volume of 
solution 
Weight of 
SWCNTs 
Covered area 
Normalized Volume 
(μL mm-2) 
Normalized Weight 
(μg mm-2) 
Inkjet 
printing 
10 pL 0.5 pg 60 μm x 60 μm 2.78E-03 1.39E-04 
Spin-
coating 
6 μL 0.3 μg 
Before spin: 
 5 mm x 5 mm 
(After spin:  
8 mm x 8mm) 
Before spin: 2.40E-01 
(After spin: 9.38E-02) 
1.20E-02  × 86.4* 
(4.69E-03  × 33.8*) 
Solution 
casting 
10 μL 0.5 μg 8 mm x 8 mm 1.56E-01 7.81E-03  × 56.3* 
 
*Red numbers represent the multiplying factors of material consumption compared to Inkjet 
printing.   
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3.3.2.  Bottom-gate/top-contact structure 
The channel length between the S/D electrodes patterned on the inkjet printed 
SWCNTs were 250 nm. The electrical characteristics of inkjet printed SWCNT FETs 
with bottom-gate/top-contact device structure are shown in Figure 3.7.  
 
 
 
Figure 3.7:  Electrical characteristics of inkjet printed SWCNT FETs with bottom-
gate/top-contact device structure (Lch = 250 nm). (a) Measured Id-Vg transfer 
characteristics of UV O3 treated (red squares) and untreated (black squares) 
SWCNT FETs. (b) Measured Id-Vd output characteristics of UV O3 treated 
SWCNT FETs. 
The transfer characteristics of devices fabricated on the UV O3 treated and 
untreated ZrO2 are compared in Figure 3.7 (a). The gate modulation of the channel 
current in the untreated device is weak, with Ion/Ioff of less than 10, while the UV O3 
treated devices exhibit a stronger gate modulation of the channel current, with Ion/Ioff of 
10
3
. This gate-voltage-independent channel current in the untreated device may be due to 
tube-to-tube screening caused by the high concentration of SWCNTs in the dried droplet 
resulting from the evaporation of solvent without adequate droplet pinning (Figure 3.8).   
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Figure 3.8:  SEM images showing the difference in concentration of SWCNTs 
according to UV O3 treatment: (a) with UV O3 treatment, (b) without UV O3 
treatment. 
Although these devices have short channel lengths with individual SWCNTs 
spanning the entire channel, the impact of UV O3 treatment is quite similar to that in 
longer channel length devices which have random network SWCNTs in the channel [27]. 
For the UV O3 treated devices, the channel contains approximately 30 individual 
SWCNTs as counted by scanning electron microscopy in Figure 3.9, and have a linear 
field-effect mobility of 24 cm
2
 / V-s at Vds = -0.5 V. 
The linear mobility value in these devices were extracted from the characteristics 
shown in Figure 3.7 (a) by the following equation (eq. 3.2): 
             
           
G
D
Dox dV
dI
VCW
L

11
                 (eq. 3.2)        
 
where   is the linear field effect mobility, oxC is the capacitance per unit area of gate 
dielectric, VD is the drain voltage, ID is the drain current and VG is the gate voltage. 
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Figure 3.9:  SEM image of the bottom-gate/top-contact device. Approximately 30 
individual SWCNTs connect the S/D electrodes (Lch = 250 nm). 
3.3.3.  Top-gate/bottom-contact structure 
 
Figure 3.10: (a) Optical image of the inkjet printed droplets demonstrating droplet 
confinement by the prepatterned rectangular metal line structure. The 
diameter of the droplet without confinement on Al2O3 is 160 µm (red 
square), and is larger than the confinement area of 60 µm × 60 µm (red 
arrow). (b) Scanning electron microscope (SEM) image of an inkjet printed 
droplet confined within the rectangular area within which the S/D electrodes 
were prepatterned. (c) SEM image of SWCNTs extending between S/D 
electrodes. (d) Optical image of inkjet printed SWCNT FETs with top-
gate/bottom-contact device structure. 
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Figure 3.10 (a) and (b) show the inkjet printed single droplet was effectively 
confined by the rectangular perimeter. This feature is essential to fabrication because 
without this perimeter to confine the droplet, the ink spreads and the resultant device 
performance is significantly degraded. This confinement is due to the surface energy 
difference between UV O3 treated Al2O3 and Pd (which is less hydrophilic). The resulting 
FETs have a channel length of 150 nm - 190 nm, where an average of 10 individual 
SWCNTs span the S/D electrodes, as shown in Figure 3.10 (c). The geometric channel 
width of S/D electrodes is 8 μm: however, the effective channel width of the device can 
be considered as a sum of the diameters of SWCNTs in the channel. 
The electrical characteristics of inkjet printed SWCNT FETs with a top-
gate/bottom-contact device structure are shown in Figure 3.11. A SWCNT FET with 
channel length of 190 nm shows Ion/Ioff of ~10
3
 in Figure 3.11 (a) (3.7 × 10
3
 at Vds = -0.5 
V and 1.3 × 10
3
 at Vds = -1 V). Transconductance (gm) values that are normalized by the 
sum of diameter of SWCNTs (1.4 nm per SWCNT) exceed 150 µS µm
-1
 at Vds = -1V 
with 10 SWCNTs as the active channel material. 
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Figure 3.11: Electrical characteristics of inkjet printed SWCNT FETs with top-
gate/bottom-contact device structure. (a) Measured Id-Vg transfer 
characteristics (blue lines) and normalized transconductance gm (red 
squares) for a 190 nm device. (b) Measured Id-Vd output characteristics of a 
190 nm device. (c) Measured Id-Vg transfer characteristics (blue squares) and 
diameter-normalized current (red line) of a 150 nm device. 
Figure 3.11 (b) shows output characteristics of SWCNT FET with a channel 
length of 190 nm and Figure 3.11 (c) shows the characteristics of a 150 nm channel 
length SWCNT FET.  It may be noted that the 150 nm channel length device has a 
higher Ion at same Vds; however Ioff is also increased compared to the SWCNT FET with L 
= 190 nm. This trend is consistent with other results for SWCNT FETs based on 
individual SWCNTs [55]. Because inkjet printing deposits SWCNTs with a random 
orientation, SWCNTs may not be perpendicular to S/D electrodes and the actual value of 
channel length will be increased. Assuming the channel length is 190 nm, the linear field-
effect mobility of this device is 209 cm
2
 / V-s at Vds = -0.5 V. This calculated mobility is 
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based on the assumption that the channel width is the sum of the diameters of all the 
SWCNTs (14 nm) that span the S/D gap. 
Consequently, in terms of both performance characteristics as well as fabrication 
complexity, the top-gate/bottom-contact structure is superior to the bottom-gate/top-
contact for inkjet printed short channel SWCNT FETs. In the bottom-gate/top-contact 
structure, SWCNTs can be damaged by electron irradiation during the EBL process to 
form S/D electrodes on SWCNTs [61, 62]. In contrast with the bottom-gate/top-contact 
structure, SWCNTs are deposited after EBL process for S/D electrode in the top-
gate/bottom-contact structure. Moreover, since nanoimprint lithography can be used to 
prefabricate similar S/D feature sizes as those demonstrated in the top-gate/bottom-
contact structure, the fabrication process in which SWCNTs are inkjet printed on 
prefabricated S/D electrodes in the top-gate/bottom-contact structure is more compatible 
with roll-to-roll processing than the conventional bottom-gate/top-contact structure. 
 
3.4.    CONCLUSION 
In summary, we have demonstrated a method of inkjet printing submicron-scale 
SWCNT FETs with channel lengths of 150 nm - 250 nm, far less than the average length 
of SWCNTs (1.36 μm). In addition, the transistor electrode design implies minimal 
consumption of SWCNT ink (a single droplet of 10 pL ink containing 0.5 pg of 
SWCNTs), thus realizing one of the primary benefits of additive manufacturing.  
The transconductance and mobility values of these short channel devices greatly 
exceed those of previously reported inkjet printed SWCNT FETs (Table 3.2), with the 
added benefit of roll-to-roll compatibility.  
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Table 3.2:  Comparison on the performance of inkjet / aeosol-jet printed SWCNT FETs  
Reference 
Device 
structure 
Channel 
length 
Gate 
dielectric 
Linear mobility 
Printing 
method 
[27] 
(Our previous 
work) 
Bottom-gate/ 
bottom-contact 
150 um ZrO2 23.6 cm
2V-1s-1 (Intrinsic) 
Inkjet 
printing 
[54] 
(Our previous 
work) 
Bottom-gate/ 
top-contact 
20 um ZrO2 1.7 cm
2V-1s-1 (Geometric) 
Inkjet 
priting 
[16] 
Top-gate/ 
bottom-contact 
10 um Ion gel 20 cm2V-1s-1 (Geometric) 
Aerosol jet 
printing 
[63] 
Bottom-gate/ 
top-contact 
60-120 um HfO2 46 cm
2V-1s-1 (Geometric) 
Spray 
printing 
[64] 
Bottom-gate/ 
bottom-contact 
160 um HfO2 43 cm
2V-1s-1 (Intrinsic) 
Inkjet 
printing 
[65] 
Bottom-gate/ 
bottom-contact 
500 um SiO2 4.2 cm
2V-1s-1 (Intrinsic) 
Inkjet 
printing 
This work 
Top-gate/ 
Bottom-contact 
150 nm~ 
250 nm 
Al2O3 
~200 cm2V-1s-1 
(Geometric/Tube 
diameters) 
Inkjet 
printing 
 
We compared the fabrication process and characteristics of SWCNT FETs 
employing two different device structures, bottom-gate/top-contact and top-gate/bottom-
contact, and found the top-gate/bottom-contact device to possess distinct advantages from 
both processing and performance perspectives. Overall, this work will impact ongoing 
efforts to realize high-performance electronic devices in a manner compatible with roll-
to-roll additive manufacturing methods. 
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Chapter 4. Short Channel Ambipolar Transistors with Inkjet Printed 
Semiconducting Carbon Nanotubes* 
 
4.1.    INTRODUCTION 
Single walled carbon nanotubes (SWCNTs) are promising materials for use in 
thin-film electronics applications [10, 23, 66-68]. They can possess relatively high carrier 
mobility and on/off current ratios [69-71]. In recent work, we showed that inkjet printed 
short channel length SWCNT FETs, in which the average nanotube length (~1.4 microns) 
is greater than the source/drain (S/D) spacing, exhibit high carrier mobilities in excess of 
100 cm
2
/V-s for holes [44]. The SWCNTs were deposited by inkjet printing, which is a 
very convenient and cost-effective method for fabricating FETs and circuits. Such 
devices are very promising to achieve high speed switching in printed electronics, which 
has hitherto been a limitation. 
In this chapter, we firstly describe the fabrication and characteristics of high-
performance ambipolar transistors with inkjet printed SWCNT active layers in top-
gate/bottom-contact device configuration. To make the devices, SWCNTs were inkjet 
printed onto recessed S/D electrodes to achieve nominally flat SWCNTs in the channel 
and the Al2O3 top gate insulator was deposited by atomic layer deposition (ALD).  
These devices have channel lengths in the range 150-200 nm, well below the average 
nanotube length. We then describe and discuss the effects of nanotube distortion on the 
electrical properties of these SWCNT FETs.  
                                                 
* This chapter is based on Reference 45: Jang, S.; Kim, S.; Geier, M. L.; Hersam, M. C.; Dodabalapur, A. 
Inkjet Printed Carbon Nanotubes in Short Channel Field Effect Transistors: Influence of Nanotube 
Distortion and Gate Insulator Interface Modification. Flex. Print. Electron. (Under review). S.J. and A.D. 
designed the experiments. S.J. carried out fabrication and characterization of devices. S.K. helped with 
inkjet printing. M.L.G., and M.C.H. provided semiconducting SWCNTs. 
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We also study the effects of incorporating a thin fluoropolymer layer, 
poly(vinylidene fluoride-trifluoroethylene) (P(VDF-TrFE)), at the interface between the  
Al2O3 and the SWCNT.  
We demonstrate that bent nanotubes possess degraded electron transport, in 
accordance with recent reports [61, 72]. Like distortion, incorporation of P(VDF-TrFE) 
has a similar effect in transforming ambipolar devices into dominantly p-channel type, 
although the mechanism is different. 
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4.2.    EXPERIMENTAL 
4.2.1.  Device fabrication 
Heavily doped Si substrates with thermally grown SiO2 (270 nm thickness) were 
cleaned by sonication with acetone, 2-propaonl, and DI water. Global alignment marks 
for electron-beam lithography (EBL, Raith Nanofabrication) consisting of a Cr/Pt (5 
nm/35 nm) double layer were patterned by conventional photolithography and lift-off 
process. Source and Drain (S/D) regions with a channel length of 150-200 nm were 
patterned into poly(methyl methacrylate) (950PMMA A4, Microchem Corp.)  using 
EBL. Trench patterns for the recessed S/D electrodes were dry etched by CHF3 plasma at 
100 W for 30 sec. Electron-beam evaporation was then used to sequentially deposit 
titanium and palladium, followed by lift-off in acetone at 60 °C. SWCNTs (with >98% 
semiconducting SWCNTs sorted by density gradient ultracentrifugation) [21, 22] 
dispersed in 1-cyclohexyl-2-pyrrolidone (CHP) were deposited onto the recessed S/D 
electrodes using Fujifilm Dimatix DMP-2831 in air. 30 nm thick Al2O3 layer was 
deposited by atomic layer deposition (ALD, Savannah
TM
, Cambridge Nano Tech Inc.) 
using trimethylaluminum (TMA) as a precursor. ALD was performed at a temperature of 
200 °C with pulse of H2O for 15 ms and TMA for 25ms. Top gate electrodes consisting 
Ti/Au (5 nm/35 nm) were patterned by EBL and lift-off processes. In order to form via 
holes for probe contact pads, Al2O3 top dielectric was etched with hydrofluoric acid. In 
particular, the sample was dipped into 1.25% aqueous hydrofluoric acid for 45 sec. to 
etch the 30nm thick Al2O3 layer. 
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4.2.2.  Electrical characterization of devices 
The electrical characteristics of SWCNT FETs were measured using a HP4155C 
semiconductor parameter analyzer. Measurements were performed under ambient 
conditions and in a vacuum environment (1 × 10
-3
 Torr). 
 
4.3.    RESULTS AND DISCUSSION 
4.3.1.  Conventional short channel SWCNT FETs  
An illustrative fabrication process and electrical characteristics of conventional 
inkjet printed short channel SWCNT FETs with top-gate/bottom-contact structure are 
shown in Figure 4.1.  
As shown in Figure 4.1 (a), a single drop of semiconducting SWCNT ink (with 
>98% semiconducting SWCNTs sorted by density gradient ultracentrifugation [21, 22]) 
ink (10 pL) was printed onto the prepatterned S/D area followed by top gate dielectric 
and top-gate electrode processes. The bottom-contact structure is advantageous to inkjet 
printing and also avoids potential SWCNT damage during the electron beam lithography 
(EBL) process. As shown in Figure 4.1 (b) and (c), the bottom-contact device primarily 
exhibits p-type dominant characteristics with top-gate operation. The black square 
symbols in Figure 4.1 (b) show the transfer characteristics measured using bottom Si 
substrate as a global gate before depositing top dielectric and top gate electrode. The poor 
gate modulation and drain current may be caused by suspension or bending of SWCNTs 
between S/D electrodes in the channel. In Figure 4.1 (d), scanning electron microscope 
(SEM) image of SWCNTs printed on the prepatterned S/D electrodes shows the bending 
of SWCNTs due to the surface relief of the S/D electrodes. Such bending could shift the 
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Fermi level of SWCNTs toward valance band [72], resulting in weak ambipolar but with 
p-type dominant characteristics as shown in Figure 4.1 (c).  
 
 
Figure 4.1:  (a) Schematic illustration of the process flow for inkjet printed SWCNT 
FETs with top-gate/bottom-contact device structure. (b) Measured ID-VGS 
transfer characteristics of 190 nm channel length device showing the 
difference between bottom-gate operation (black squares) and top-gate 
operation (red circles). (c) Measured ID-VDS output characteristics of the 190 
nm channel length device. The red circle indicates weak ambipolar 
characteristics. (d) SEM image showing the bending of CNTs due to surface 
relief of the S/D contacts. (inset) Schematic illustration of the top-
gate/bottom-contact device structure with raised S/D electrodes. 
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Recent studies have shown that adequate top dielectric capping such as Al2O3 on 
SWCNTs leads to the observation of intrinsic ambipolar characteristics of SWCNT FETs 
by preventing the absorption of oxygen and water molecules [16, 73-75]. However, our 
short channel top-gate devices exhibit only slight ambipolarity even with a 30 nm thick 
Al2O3 top dielectric on the SWCNTs, which may be attributed to the bending of 
SWCNTs. In order to investigate the effect of bending of SWCNT, we fabricated top-
gate/bottom-contact device with recessed S/D electrodes to minimize the bending of 
SWCNTs due to contact relief.  
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4.3.2.  Short channel SWCNT FETs with recessed S/D electrodes 
The device with recessed S/D electrodes was fabricated on a 270nm thick SiO2 
layer thermally grown on a heavily doped Si substrate. S/D electrodes with rectangular 
perimeters for inkjet printing were patterned on PMMA by EBL process followed by a 
dry etching step with CHF3 plasma to form a 15 nm deep trench for the recessing of S/D 
electrodes. A bilayer of Ti/Pd (3 nm/13 nm) was deposited into the trench, followed by a 
lift-off process. A comparison of the device configurations and surface profiles between 
raised S/D electrodes and recessed S/D electrodes are shown in Figure 4.2.  
 
 
Figure 4.2:  (a) A schematic illustration of a completed device of top-gate/bottom-
contact structure with typical raised S/D electrodes. AFM image and step 
profile of stacked S/D electrodes. (b) A schematic illustration of a 
completed device of top-gate/bottom-contact structure with flattened S/D 
electrodes. AFM image and step profile of flattened S/D electrodes. 
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As shown in atomic force microscope (AFM) images in Figure 4.2, the height 
difference between S/D electrodes and SiO2 surface of raised S/D and recessed S/D are 
~30 nm and ~2 nm, respectively.  
After depositing S/D electrodes, a single drop of high purity semiconducting 
SWCNT ink (0.05 mg/mL containing 0.5 pg of SWCNT) was printed on the prepatterned 
S/D area and the droplet was confined by rectangular perimeter forming an active layer. 
Following this step, a top dielectric of 30nm thick Al2O3 was deposited by atomic layer 
deposition (ALD) and the top gate electrode, a bilayer of Ti/Au (5 nm/35 nm), was 
patterned by EBL and completed via a lift-off process.  
 
4.3.3.  Electrical characteristics of short channel ambipolar SWCNT FETs  
The electrical characteristics of inkjet printed SWCNT FETs with recessed S/D 
electrodes in top-gate/bottom-contact device structure are shown in Figure 4.3. 
By employing recessed S/D electrodes, the degree of SWCNT bending was 
minimized resulting in balanced ambipolar characteristics, as shown in Figure 4.3 (a).  
A SWCNT FET with 10 SWCNTs as the active channel material (Lch = 200 nm) shows 
Ion/Ioff of ~10
3
 (8.06 × 10
3
 at VDS = -0.5 V and 4.28 × 10
3
 at VDS = -1 V). Normalized by 
the number of SWCNTs in the channel, transconductance (gm) values exceed 0.1 µS/tube 
at VDS = -1V.  
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Figure 4.3:  Electrical characteristics of top-gate/bottom-contact device with flattened 
S/D electrodes. (a) ID-VG transfer characteristics of device with channel 
length 200nm showing balanced ambipolar characteristic with 10 SWCNTs 
(blue hexagons are transconductance per SWCNT). (b) ID-VD output 
characteristics of device with channel length of 200nm. 
As shown in Figure 4.4 (a), top-gate/bottom-contact devices with recessed S/D 
electrodes are substantially stable in air. Moreover, top-gate/bottom-contact device with 
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recessed S/D electrodes shows a robust shelf life up to 6 months as illustrated in Figure 
4.4 (b). 
 
 
Figure 4.4:  (a) Comparison of ID-VG transfer characteristics between measurments in air 
and vacuum (1×10
-3
 Torr) for a top-gate/bottom contact device with 
recessed S/D electrodes. (b) Shelf life of a top-gate/bottom contact device 
with recessed S/D electrodes stored in air.  
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4.3.4.  Gate insulator interface modification by fluoropolymer 
Deposition of fluoropolymer, P(VDF-TrFE), on networked SWCNTs can enhance 
the p-channel behavior of SWCNT device performance as reported in our previous work 
[43]. In the top-gate/bottom-contact device structure with recessed S/D electrodes, a 
single droplet (10 pL) of P(VDF-TrFE) was inkjet printed on SWCNTs prior to the top 
dielectric deposition process. This simple inkjet printing of P(VDF-TrFE) can selectively 
convert the polarity of the device to p-type as shown in Figure 4.5. A thin P(VDF-TrFE) 
(<5nm) layer inkjet printed onto SWCNTs on flat S/D electrodes enhances the hole 
transport and reduces the effect of Al2O3 capping, resulting in p-type doping (see Figure 
4.5 (a)). Figure 4.5 (b) shows statistical data of 3 types of device structures (10 devices 
for each structure): conventional top-gate/bottom-contact structure, recessed S/D 
electrode devices, and P(VDF-TrFE) on recessed S/D electrode devices investigated in 
this work. ON-current values of the p-branch and n-branch were extracted from 30 
devices and bias conditions were at VGS = -3 V, VGS = 3 V, respectively.  
The data clearly show that the inclusion of the interfacial P(VDF-TrFE) layer 
leads to enhanced hole concentrations and a shifted threshold voltage that favors p-
channel operation. Additionally, in some of the devices, the n-channel mobility was 
reduced. Thus, deposition of a thin interfacial P(VDF-TrFE) layer between the SWCNTs 
and the Al2O3 gate insulator is a reproducible way to suppress ambipolar behavior 
resulting in dominantly p-channel devices.  This will be beneficial in the construction of 
logic circuits where the use of only ambipolar components leads to higher power 
dissipation [54, 76]. As recently shown, logic circuits with p-channel along with 
ambipolar components possess higher performance than circuits with p-channel only 
devices in terms of power dissipation and noise margin [77].   
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Figure 4.5:  (a) Electrical characteristics of a top-gate/bottom contact device with 
flattened S/D electrodes and inkjet printed P(VDF-TrFE) (Lch = 200 nm). (b) 
Statistical data of the p-branch and n-branch on-current levels for various 
device structures (10 devices for each structure). 
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4.4    CONCLUSION 
In conclusion, we have demonstrated short channel ambipolar FETs with inkjet 
printed semiconducting SWCNTs by employing a recessed S/D electrode structure in 
top-gate/bottom-contact device configuration. Loss of ambipolar behavior, resulting in 
dominantly p-channel behavior, can be reproducibly achieved through two mechanisms:  
(i) mechanical distortion of the nanotubes by surface relief at the edge of raised source 
and drain contacts and (ii) inclusion of a very thin interfacial layer of P(VDF-TrFE) 
between the SWCNT layer and the Al2O3 top gate insulator. The use of P(VDF-TrFE) 
will be a useful way to realize p-channel SWCNT FET devices, which are required for 
some circuit design applications. 
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Chapter 5. Conclusion 
In this dissertation, various inkjet printed single-walled carbon nanotube 
(SWCNT) transistors were demonstrated: from nano-scale short channel devices to 
conventional micron-scale channel length devices. 
In conventional inkjet printed SWCNT devices, in which the channel length is 
micron-scale, we have shown that the use of coatings of the fluoropolymer containing 
copolymer P(VDF-TrFE) results in substantial improvements in the characteristics of 
SWCNT FET devices and circuits comprised of these devices. At the device level, there 
is a significant decrease in the following: (a) Off-current magnitude; (b) Degree of 
hysteresis; (c) Variation in threshold voltage; and (d) Bias stress degradation.  We 
attribute this to the effects of oriented polar C-F bonds in the P(VDF-TrFE) which 
partially neutralize charges impurities and defects in the semiconductor and the 
semiconductor-gate insulator interface. Experiments investigating the effects of polar 
vapors on device characteristics support this model. At the circuit level, the improved 
uniformity in device characteristics plus the effects listed above, result in improved 
performance of 5-stage complementary ring oscillator circuits. The use of such capping 
layers will be greatly beneficial to the adoption of SWCNT based circuits for a variety of 
applications. 
We have also demonstrated a method of inkjet printing submicron-scale SWCNT 
FETs with channel lengths of 150 nm - 250 nm, far less than the average length of 
SWCNTs (1.36 μm). In addition, the transistor electrode design implies minimal 
consumption of SWCNT ink (a single droplet of 10 pL ink containing 0.5 pg of 
SWCNTs), thus realizing one of the primary benefits of additive manufacturing. The 
transconductance and mobility values of these short channel devices greatly exceed those 
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of previously reported inkjet printed SWCNT FETs, with the added benefit of roll-to-roll 
compatibility. We compared the fabrication process and characteristics of SWCNT FETs 
employing two different device structures, bottom-gate/top-contact and top-gate/bottom-
contact, and found the top-gate/bottom-contact device to possess distinct advantages from 
both processing and performance perspectives. Overall, this work will impact ongoing 
efforts to realize high-performance electronic devices in a manner compatible with roll-
to-roll additive manufacturing methods. 
Short channel ambipolar FETs with inkjet printed semiconducting SWCNTs by 
employing a recessed S/D electrode structure in top-gate/bottom-contact device 
configuration were demonstrated. Loss of intrinsic ambipolar behavior in top-
gate/bottom-contact structure, resulting in dominantly p-channel behavior, can be 
reproducibly achieved through two mechanisms: (i) mechanical distortion of the 
nanotubes by surface relief at the edge of raised source and drain contacts and (ii) 
inclusion of a very thin interfacial layer of P(VDF-TrFE) between the SWCNT layer and 
the Al2O3 top gate insulator. The use of P(VDF-TrFE) will be a useful way to realize p-
channel SWCNT FET devices, which are required for some circuit design applications. 
For future work, roll-to-roll printing technologies, such as nanoimprint 
lithography can be combined with our inkjet printing process. Since similar source/drain 
spacing used in our short channel devices can be realized by nanoimprint lithography, 
various short channel SWCNT FETs and circuits can be fabricated using roll-to-roll 
printing even on the flexible substrates. By employing other capping layers which enable 
n-type operation with recessed S/D structure, complementary circuits can be realized with 
inkjet printed SWCNTs and P(VDF-TrFE). Based on the inkjet printed short channel 
SWCNT FET, printed electronics that require high-speed performance such as rectifiers 
can be implemented.  
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